The inhibitor cystine knot (ICK) fold is an evolutionarily conserved structural motif shared by a large group of polypeptides with diverse sequences and bioactivities. Although found in different phyla (animal, plant, and fungus), ICK peptides appear to be most prominent in venoms of cone snail and spider. Recently, two scorpion toxins activating a calcium release channel have been found to adopt an ICK fold. We have isolated and identified both cDNA and genomic clones for this family of ICK peptides from the scorpion Opistophthalmus carinatus. The gene characterized by three well-delineated exons respectively coding for three structural and functional domains in the toxin precursors illustrates the correlation between exon and module as suggested by the "exon theory of genes." Based on the analysis of precursor organization and gene structure combined with the 3-D fold and functional data, our results highlight a common evolutionary origin for ICK peptides from animals. In contrast, ICK peptides from plant and fungus might be independently evolved from another ancestor.
nimal toxins with a high density of disulfide bonds and various 3-D shapes constitute an exciting molecular world. These molecules are involved in prey and defense of animals by affecting ion channels present in excitable as well as nonexcitable cell membranes (1, 2) . Venomous animal phyla often use distinct molecular scaffolds as templates to develop their "pharmaceutical factory." For example, snakes use three major scaffolds (i.e., the phospholipase A2-type fold, the three-fingered fold, and the BPTI-type fold) (3, 4) , whereas scorpions use primarily only one major scaffold (CSαβ fold) (1) . This is also true for other venomous animals, such as cone snail, spider, sea anemone, and honeybee. Based on the 3-D fold and functional data available at present, two different evolution mechanisms have been proposed to explain the functional diversity of animal toxins (3) . One is the divergent evolution mechanism, often observed within a given animal group, by which an ancient conserved scaffold was used to develop multiple diverse functions (e.g., scorpion toxins specific for different ion channels) (5), but also seen between different animal groups (e.g., scorpion K + channel toxins and insect defensins) (6) . The other mechanism is the convergent evolution mechanism occurring between different animal groups, by which multiple different scaffolds evolved to a similar function (e.g., scorpion, snake, and sea anemone toxins specific for Shaker type K + channels) (7) (8) (9) . On the A basis of the finding of a similar gene structure for all the members, Froy et al. suggested a wide evolutionary linkage for the CSH motif found in plant, animal, and human polypeptides (5, 10) .
In 1994, a common fold shared by plant protease inhibitors and spider and cone snail neurotoxins was first recognized by two groups (11, 12) . This structural motif, named inhibitor cystine knot (ICK), is composed of an anti-parallel, triple-stranded β-sheet stabilized by a cystine knot (for review, see refs 13 and 42) . Recently, two venom peptides (Maurocalcine and IpTx A) activating the ryanodine receptor (RyR), an intracellular calcium release channel, were isolated and characterized from scorpions, a close relative of spiders in evolutionary history. These two molecules are highly basic 33-mer peptides with 82% sequence similarity (14) . Very interesting, NMR structure research shows that this class of molecules also adopts an ICK fold. Thus, it appears that nature has selected this motif as a common scaffold to display diverse bioactivities. Based on the structural data, Wang et al. have suggested that all proteins with a disulfidedirected β-hairpin (DDH) fold, that is, a simpler fold with only two disulfide bridges as compared with the ICK fold, might have arisen from a common ancestor (15) . Evolutionary evidence at the genomic level, however, is still completely lacking thus far. In this work, we isolated and identified full-length cDNAs encoding two new members of the scorpion venom ICK toxin family and determined the first complete gene structure of this family. Together, our data provide compelling evidence to trace the evolutionary process of ICK peptides. We found that despite low sequence similarity (<30%), toxins from animals with an ICK motif are highly conserved at their gene structure as well as precursor organization. However, differences can be found at these levels between animal and plant/fungus ICK peptides.
MATERIALS AND METHODS

Preparation of total RNA and genomic DNA
Scorpions (Opistophthalmus carinatus) were collected in Southern Africa. For isolation of venom gland total RNA, the scorpion tails were cut off and ground into fine powder in liquid nitrogen. The TRIZOL reagent (Life Technologies, Grand Island, NY) was used to prepare total RNA according to the supplier's instructions. Isolation of genomic DNA was obtained from four legs from one scorpion, according to a previously described method (16) .
Isolation of complete cDNAs
The RACE (rapid amplification of cDNA ends) technique (17) was used to isolate the complete cDNA encoding isoforms of Maurocalcine and IpTx A. For 3′ RACE, a degenerate primer (Primer 1) was designed to the conserved region (DCCG/SKKCK) of Maurocalcine and IpTx A. Total RNA was reverse transcribed into first-strand cDNAs, using Superscript II reverse transcriptase and a universal Oligo(dT)-containing adaptor primer (AP) (Life Technologies). The cDNAs were amplified with Taq DNA polymerase (Promega, Madison, WI) using Primer 1 together with the AUAP primer (Life Technologies). To increase the reaction specificity, a twostep amplification method was performed, in which 15 cycles of linear amplification were carried out by using a single primer (Primer 1), and AUAP was then added for another 30 cycles for exponential amplification. For 5′ RACE, two reverse gene-specific primers (Primers 2 and 3) were designed based on the 3′ RACE sequencing results. We modified the conventional 5′ RACE method for directly isolating the 5′ sequence from the synthesized first-strand cDNAs described above. In brief, the first cDNA mixture was tailed with terminal transferase and dCTP, and then an amplification of the cDNAs was performed using Oligo(dG) and the gene-specific Primer 2. The ratio between Oligo(dG) and Primer 2 was set at 1:50 (asymmetric amplification). After 30 cycles, 1 µl of diluted polymerase chain reaction (PCR) product was taken as template for a standard 30 cycles of amplification with Oligo(dG) and the nested gene-specific primer (Primer 3). Finally, a forward primer (Primer 4) was synthesized and used together with AUAP to isolate full-length cDNAs (Fig. 1a) .
Determination of gene structure
To determine the upstream region of the gene, we amplified genomic DNA, using Primers 2 and 4. TAIL-PCR (thermal asymmetric interlaced PCR) (18) was used to amplify the downstream and 3′ flanking regions of the gene. This method consists of three consecutive PCR reactions with three nested gene-specific primers (Primers 5, 6, and 7) and a shorter arbitrary degenerate primer (AD2). First, second and third PCR reactions were carried out as described by Liu and Whittier (18) . The third PCR product was used for purification and cloning (Fig. 1b) .
cDNA and genomic DNA sequencing PCR products derived from cDNA and genomic DNA were purified by high-speed centrifugation of agarose gel slices (16) and ligated into the pGEM-T Easy Vector (Promega) for sequencing. Escherichia coli JM109 was used for plasmid propagation. Recombinant clones were analyzed by Eco R I digestion and gel electrophoresis. Positive clones were sequenced by the chain termination method from two directions, using SP6 and T7 primers.
Primer sequences
All primers used in this study are listed in Table 1 .
Database search and structure simulation
A PROSITE (http://www.expasy.ch/prosite) search was performed using the signature of the (13) against SwissProt, TrEMBL, TrEMBL-new, and PDB databases. Structure simulation of virus sequences was performed by molecular dynamics and energy minimization based on the NMR structure of Hptx2, a spider ICK toxin (19) .
RESULTS
Identification of cDNAs encoding O. carinatus ICK peptides
The RACE technique was used to isolate full-length cDNAs encoding homologues of precursors of Maurocalcine and IpTx A from the scorpion O. carinatus, a close relative of Scorpio maurus and Pandinus imperator, all belonging to the family of Scorpionidae. We found four clones containing different sequences. The differences only occurred at eleven positions, of which six occurred within the untranslated region and five within the coding region, including three nonsynonymous and two synonymous substitutions (data not shown). The cDNA sequences code for a precursor of 66 residues is composed of three domains: an N-terminal signal peptide of 22 residues followed by a small propeptide of 11-amino acid sequence rich in negatively charged residues (2 Asp and 3 or 4 Glu) terminated by a typical prohormone processing signal Lys-Arg or Arg, and a C-terminal part comprising the mature peptide of 33 residues (named Opicalcine) (Fig. 2) . Of three nonsynonymous substitutions, only one occurred within the mature toxincoding region (the other two within the signal peptide and propeptide coding regions), which led to an amino acid change of the toxins (named Opicalcines 1 and 2). Opicalcines share a high homology to Maurocalcine and IpTx A (91% and 88%, respectively) (Fig. 3) .
Gene structure of scorpion ICK peptides
To determine the gene structure of Opicalcines, we performed two PCR amplifications of genomic DNA (Fig. 1b) . A comparison of the Opicalcine genomic sequence with the corresponding cDNA sequence revealed that the gene contains three exons (5′ exon, internal exon, and 3′ exon) interrupted by one phase-one intron of 487 bp and one phase-two intron of 544 bp. These exons correspond to the signal peptide, propeptide, and mature peptide (three structural and functional domains), respectively, of Opicalcine1 precursor. Two introns have a consensus GT-AG splice junction. The putative branch sites for introns 1 and 2 are located 51 bp and 49 bp, respectively, downstream from the end of the 3′ splice acceptor. The two introns contain a different A+T content (72% in intron 1 and 66% in intron 2) and display a difference in the sequence of the putative U2AF splicing factor binding region between the branch site and 3′ splicing site (20) . Only intron 1 shares a similar sequence feature (pyrimidine tract) to the U2AF splicing factor binding sequence of other species (Fig. 2) .
The three exons corresponding to the three domain boundaries in this class of small peptide precursor (66 residues) give a wonderful example of the correlation between exon and module, as claimed by the exon theory of genes (21) and strongly suggest that exon shuffling events may have played a key role during evolution. This suggestion is further supported by the finding (a BLAST search) that the Opicalcine1 gene and an unrelated EqtIV (a pore-forming protein) gene from sea anemone Actinia equina (22) code for two highly homologous presequences but completely different mature peptide sequences (Fig. 4) . Although EqtIV genomic data are lacking, it is striking that the highly homologous presequence region exactly corresponds to the first two exons of Opicalcine1 together with their conserved precursor organization. This indicates that an ancient ICK motif may have accepted the presequence of the sea anemone peptide precursor to generate a secreting function by the exon shuffling mechanism. A similar example was also observed by Long et al. (23) , in which the plant GapC (a dehydrogenase) contributed its three consecutive amino-terminal exons to the cytochrome c1 precursor to generate a presequence with targeting function. In these two examples, the donated regions are the independent structural and functional domains.
Comparison of ICK peptides in animals, plants, and fungi
When comparing ICK peptides from diverse phyla, we found that those from scorpions and snails share a conserved gene structure as well as precursor organization. The precursors are composed of three segments that include signal peptide, propeptide, and mature peptide (24, 25) . Despite the absence of a detectable sequence similarity, conserved residues were found at the cleavage sites (Ala/Asp-Asp between the signal peptide and the propeptide; Arg or Lys-Arg at the terminus of the propeptide). A similar organization can also be found in spider ICK toxin precursors (Fig. 5a ). This could be due to functional constraint during evolution. Because precursor processing is performed by specific enzymes, any deleterious mutations occurring at cleavage sites will lead to processing failure, which further affects secretion and folding of the mature peptide. In terms of the gene structure, despite the larger size of its two introns, the global structure of the snail δ-TxVIA gene (26) is very similar to that of Opicalcine1. Its three domain regions (signal peptide, propeptide, and mature peptide) are also separated by two introns. The location of the second intron of δ-TxVIA slightly moved from the boundary of the mature peptide to the boundary of the propeptide compared with Opicalcine1 (Fig. 5b) . A similar intron sliding case is also observed in other homologous genes (21) . Given a close evolutionary relation between scorpions and spiders (both belong to the class Arachnida), we expect that a similar gene structure should also be present in ICK toxins from spiders.
In contrast, plant and fungus ICK peptides possess a different gene structure, where an intron is found to be located within the signal peptide coding region (27, 28) . Despite similarity in precursor organization, an obvious difference can be found at the propeptide cleavage sites. Instead of basic residue(s), plants and fungi appear to select two hydrophobic residues as their cleavage signals (27-30) (Fig. 6 ). Inconsistency in the gene structure between animal and plant/fungus ICK peptides is further strengthened by their deviation at the structurally conserved regions (three β-strands) of the ICK motif. Superposition of the backbone heavy atoms (C, Cα, and N) of scorpion Maurocalcine, snail δ-TxVIA, and plant PotCPI reveal a better fit between Maurocalcine and δ-TxVIA (RMSD: 0.75 Å) than between Maurocalcine and PotPCI (RMSD: 1.92 Å) (data not shown). A close structural similarity was also observed between fungus AVR9 and plant PotCPI and between spider ω-agatoxin IVA/IVB and snail ω-conotoxin GVIA (12, 31).
Several polypeptides from animal viruses are structurally homologous to animal ICK peptides
By searching sequence and structure databases by using PROSITE, we found that several virus genomes (32) (33) (34) contain ORFs encoding polypeptides that may adopt an ICK fold. These ORF products are composed of a precursor of 50-52 residues, with a putative signal peptide of 21-23 residues. A cysteine pattern (CX6CX5CCX3CX6C) found in the predicted mature peptide sequences nicely matches the consensus sequence of the ICK motif (13) and is more similar to the animal ICK signature. However, it is distinct from those of plants and fungi, which suggests that these virus sequences may be genetically more closely related to animal toxins than plant inhibitors. Structure simulation by using molecular dynamics and energy minimization allows us to consider them as new members of the ICK superfamily. Although less accurate due to low sequence similarity, a typical ICK fold for these peptides can clearly be seen in our models, where three β-strands are located at the fixed positions relative to the knotted cysteines (Fig. 7 , only the McCTL structure is shown).
DISCUSSION
Evolution of ICK peptides
Structural similarity between two gene products often provides evidence for divergent evolution. However, structural convergence is not completely ruled out in this case (35) . Hence, other features should also be considered to distinguish them. By analyzing precursor organization and gene structure combined with the 3-D fold and functional data, we suggest that divergent as well as convergent evolution might have taken place in the ICK superfamily.
Given a selective pressure (functional constraints) on gene structure (efficient splicing) (36), precursor organization (efficient posttranslational processing, peptide maturation, and sorting) (37) and 3-D fold (function borne by tertiary structure) (38) during the course of evolution, conservation between two proteins or peptides at these three levels certainly provides strong evidence for a common evolutionary origin. These common features have been found in ICK toxins from animals ( Table 2) . It is an example of divergent evolution between toxins from distantly related venomous animal phyla with extremely different habitats and diets. Based on the same criteria, we also detected another common ancestor for plant and fungus ICK peptides ( Fig. 6 and 7) . Differences in gene structures and precursor processing signals together with a more deviated 3-D structure between animal and plant ICK peptides make it extremely unlikely that they descended from a common ancestor. If we consider related functions as indicators of common ancestry (39-41), our hypothesis is also further supported (Table 2) . Although both animals and plants use ICK peptides as a part of their defense systems (11, 29) , most, if not all, ICK peptides from animals appear to target some related, though often different, receptor binding sites or ion channels. In contrast, plant ICK peptides function mainly by inhibiting the activities of some proteases in insects (42) . Thus, it seems most likely that the structural similarity observed between animal and plant ICK peptides might be a result of convergent evolution (35) .
A particular interesting finding in our work is that several virus genomes also contain ICK sequences. Compared with cell-derived ICK peptides, they lack a propeptide and contain no introns. Given the fact that all these viruses belong to the Baculoviridae family, that they only infect invertebrates (32) (33) (34) , and that their ICK structure is more related to animal ICK peptides, we hypothesize that a gene transfer event might have occurred between an ancestor virus and its host (43) , by which the virus acquired an ICK gene from the genome of the infected host cells and subsequently lost the two introns and the exon encoding propeptide in the course of evolution ( Fig. 5a and 7) .
Divergence between scorpion and snail ICK peptides
Scorpions and cone snails are two distantly related phyla with millions of years of evolutionary history. A common evolutionary origin has been established between their ICK toxins based on a comprehensive analysis at the molecular level. Previous pharmacological studies have shown that scorpion ICK toxins affect the intracellular calcium release channel (44), whereas snail ICK toxins mainly target various ion channels present in cell membranes (24) , indicating that functional diversification has occurred along evolution. Accelerated mutagenesis on the mature toxin-coding region has been proposed to explain the numerous diversifications among conotoxins (45) . But this appears unlikely to be true in scorpion toxins because of the following two contrary observations to cone snail toxins: a high sequence conservation of the toxins is observed among the three scorpion species (S. maurus, P. imperator, and O. carinatus), and only few members were found within a species (Fig. 3) . Compared with scorpion toxins at the genomic level, cone snail toxin genes have diverged in two aspects: intron sliding and size expansion. It remains unknown whether these changes have led to numerous molecular diversities of Conus toxins.
It is estimated that 1500 scorpion species in the world have produced at least 100,000 unique peptides in their venoms, whereas 500 cone snail species have developed at least 50,000 venom peptides (1, 2) . Given the large number of unidentified peptides at present, further research that integrates gene structure with fold recognition and functional analysis (structural genomics) will possibly discover a wide evolutionary link that might be useful for a better understanding of the venomous animal evolution process and for the design of new peptidyl drugs. MOLSCRIPT diagrams of the representatives of ICK peptides from each organism are displayed at the top. The PDB accession numbers are 1OMB for the spider ω-agatoxin IVB, 1C6W for the scorpion maurocalcine, 1FU3 for the snail δ-TxVIA, and 4CPA for the plant PotCPI. The virus ICK structure was generated using molecular dynamics and energy minimization. For the fungus ICK structure (AVR9), see ref.
42.
